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Available online 10 December 2016Background: The amygdala is known to be involved in anxiety processing, but its role in the psychopathology of
obsessive-compulsive disorder (OCD) is still unclear.
Aims: In this MRI study we investigated potential alterations in structural and functional connectivity of the
amygdala in 42 adult patients with OCD and 37 healthy subjects.
Method: Psychophysiological interaction analysis was used to explore amygdala functional connectivity during a
negative affective task. Probabilistic tractography was then employed to study structural connectivity and integ-
rity of underlying white matter ﬁber tracts.
Results: Compared to controls, OCD patients showed a signiﬁcantly increased functional connectivity of the left
amygdala with mostly parieto-occipital regions during task. No structural connectivity differences could be
found between the groups. In addition, only patients showed a signiﬁcant association between functional and
structural connectivity of these regions. Moreover, symptom severity was negatively associated with structural
integrity of the underlying white matter tracts.
Conclusions: Present results emphasize the relevance of the amygdala for OCD and may reﬂect that neuronal al-
terations in structural connectivity could be associated with functional connectivity alterations in broader
networks.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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gPPI1. Introduction
Obsessive-compulsive disorder (OCD) is a psychiatric illness charac-
terized by repetitive thoughts (i.e., obsessions) and actions (i.e., com-
pulsions). It is a rather common disorder with a lifetime prevalence of
2.3% (Ruscio et al., 2010). The neurobiological model of the disorder
states a disrupted cortico-striato-thalamo-cortical circuit (CSTC)
(Saxena et al., 1998). More recent work discussed an extension of this
model by limbic structures including the amygdala, anterior cingulate,
and hippocampus (Lawrence et al., 1998; Menzies et al., 2008; Phillips
et al., 2003). Since the manifestation of obsessions and compulsions isctivity; taskFC, task dependent
M tract, white matter tract;
logy, Klinikum rechts der Isar,
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. This is an open access article underusually accompanied by strong negative affect, such as anxiety, and
the amygdala is a region known to mediate anxiety (Milad and Rauch,
2012), a pathogenetic involvement of limbic regions (i.e., predominant-
ly the amygdala) in the disorder is very plausible. However, their exact
role in the pathophysiology of OCD remains to be clariﬁed.
Accordingly, fMRI studies using themethod of symptomprovocation
by confronting patients with symptom related picture material provid-
ed support for the assumption that the amygdala is a key structure in
anxiety disorders in general aswell as across OCD symptomdimensions
(Breiter et al., 1996; Olatunji et al., 2013; Simon et al., 2014; Simon et al.,
2010; Via et al., 2014). Most of these studies reported hyperactivity of
the amygdala during symptom provocation. This hyperactivity was
found in medicated (Olatunji et al., 2013), as well as unmedicated pa-
tients (Simon et al., 2014; Simon et al., 2010), but also in symptom spe-
ciﬁc populationswith predominant contamination fears (Mataix-Cols et
al., 2004; Olatunji et al., 2014; van den Heuvel et al., 2004), as well as in
multi-symptomatic patients (Simon et al., 2014).
Apart from evidence for alterations in activation in patients with
OCD an increasing amount of studies provided evidence for alterationsthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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uated taskFC in OCD in various contexts (such as, e.g., reinforcement
learning (Beucke et al., 2012), working memory (de Vries et al., 2014)
or reward processing (Jung et al., 2013)) and brought evidence for dis-
turbances in a network involving the CSTC, orbitofrontal regions (OFC)
but also limbic structures. Surprisingly, only few OCD studies explored
taskFC using symptom-provoking paradigms based on negative affec-
tive stimuli. Findings from these studies showed taskFC disruptions in
OCD patients, also mainly in striatal and limbic regions (Jhung et al.,
2014),with the latter showing connectivity disruptions inOCDalso dur-
ing rest (Anticevic et al., 2014; Beucke et al., 2013; Gottlich et al., 2014;
Harrison et al., 2009). Moreover, alterations in limbic (i.e., amygdala)
resting state functional connectivity (restFC) were found to be positive-
ly associated with response to treatment (i.e., CBT), underlining the po-
tential relevance of limbic/amygdala disturbances for therapy outcome
(Gottlich et al., 2015).
When viewing the previous ﬁndings from a network point of view, it
seems reasonable to assume that disruptions in the functional circuitry
of the brainmay go alongwith underlying structural alterations.Most of
the relevant OCD studies bring evidence forwhole brain structural alter-
ations in areas within the CSTC but also outside of this circuit (i.e., in
temporal, parietal and occipital areas) (Piras et al., 2015). A recent
meta-analysis on structural connectivity studies in OCD pointed out
that ﬁndings are rather heterogeneous, although most studies reported
decreased fractional anisotropy (FA) in OCD patients in the cingulate
bundle, the corpus callosum, and the anterior limb of the internal cap-
sule (Koch et al., 2014). Moreover, fronto-basal pathways targeting
the orbitofrontal cortex and the anterior cingulate cortex are reported
while intra-hemispheric white matter bundles linking speciﬁc areas of
the prefrontal cortex to posterior parietal and occipital association cor-
tices have also repeatedly been found to be altered in OCD (Piras et al.,
2013).
In sum, existing MRI studies investigating functional activation,
functional connectivity or structural connectivity, suggest with some
consistency that OCD may be characterized by network alterations
which are not restricted to the frequently reported cortico-striatal cir-
cuit but which affect, amongst others, also the limbic network. More-
over, previous ﬁndings indicate that these alterations might be linked
and therefore their altered interplay might be of psychopathological
relevance.
Surprisingly, there are only few studies analyzing the link between
functional and structural neural correlates in OCD. One of the few stud-
ies exploring both structure and function in OCDwas a study by Admon
et al. (2012). Using a gambling task, they showed a deﬁcit in limbic-
frontal connectivity both on a functional and a structural level which
was associated with the severity of OCD symptoms. Of note, they also
found increased amygdala activation to threat stimuli. Despite increas-
ing support of altered functional or structural alterations in a wide-
spread network including cortico-striatal but also limbic/amygdalar
areas in OCD, most studies focused on either functional or structural
connectivity, whereas a potential association between both measures
has been barely investigated up to know.
Against this background and taking into account the relevance of the
amygdala for anxiety in OCD, the aim of the present study was to eval-
uate potential alterations in functional connectivity of the amygdala
using a negative affective paradigm. Moreover, we aimed at investigat-
ing a potential association with structural connectivity (SC) properties
of underlying white matter ﬁber tracts and with symptom severity to
ﬁnd out more about the clinical relevance of these potential alterations.
Based on the assumption that structural connectivity alterations
may underlie functional connectivity changes, we hypothesized that
during exposure to negative affective stimuli, OCD patients would
show a signiﬁcantly increased task dependent functional connectivity
of the amygdala and that this altered functional connectivity would be
related to alterations in morphological properties of underlying white
matter ﬁber tracts (integrity, connectivity, number of tracts).2. Methods
2.1. Participants
The study included a right-handed sample of 42 OCDpatients and 37
healthy controls matched for age and gender (Table 1 in Appendix A).
Handedness was assessed using Annett's questionnaire (Annett,
1970). Exclusion criteria for both groups were a history of clinically im-
portant head injuries, seizures or neurological diseases. Healthy controls
with a history of psychiatric illness were excluded.
The patients were recruited from the in-patient hospital ward spe-
cialized on OCD of the Windach Institute and Hospital of
Neurobehavioural Research and Therapy, Germany. This ward has a
standardized admission process where all patients receive a psycho-
pathological screening and a disorder history assessment performed
by an experienced psychiatrist. The ﬁnal diagnosis is based on DSM-IV
criteria. Prior to the scanning session, we additionally assessed the se-
verity of symptoms and the characteristics of the disorder using the
Yale-Brown Obsessive Compulsive Scale (Y-BOCS) (Goodman et al.,
1989) and the Obsessive-Compulsive Inventory – Revised (OCI-R)
(Foa et al., 2002). Patients also completed the Beck Depression Invento-
ry (BDI) (Beck et al., 1961) whichmeasures characteristic attitudes and
symptomsof depression. All participants completed a disgust sensitivity
questionnaire (Fragebogen zur Erfassung der Ekelempﬁndlichkeit, FEE)
(Schienle et al., 2002). We also included patients with medication and
comorbidities, provided that OCD was the primary diagnosis.
All participants gavewritten informed consent to the study protocol.
The protocol is in accordance with the Declaration of Helsinki and was
approved by the Ethics Committee of the Technische Universität
München, Medical School.
2.2. Experimental design
All participants underwent one MRI scanning session including a
structural (T1), a diffusion tensor imaging (DTI) and a functional
(fMRI) scan. Participants were informed about the order of the scans
and instructed that in the fMRI scan they would see alternating blocks
of neutral and unpleasant pictures which they had to attend to.
The negative affective blocks consisted of pictureswithOCD relevant
content carefully selected from the International Affective Picture Sys-
tem (IAPS) and the internet and included scenes or objects related to
disgust or contamination. Previous work (Simon et al., 2014) has
shown that the presentation of contamination related picture material
is a highly effective method for evoking amygdala activation in OCD.
Based on thismotivationwe chose picturematerial with a clear contam-
ination related content.
The neutral blocks consisted of pictures from nature or landscapes
which served as a baseline. Before each block the participants were
instructed to watch the pictures carefully. To evaluate the compliance
to the instruction, all participants were debriefed after the scanning
with regard to the potential impact of these pictures (e.g. arousal, un-
pleasantness). The fMRI task was created using the Presentation® soft-
ware (Version 16.3, http://www.neurobs.com/). The task which was
modeled as a block design had the following sequence: instruction
(4 s), negative affective block (4 pictures shown for 6 s each), ﬁxation
cross (4 s) followed again by instruction (4 s), neutral block (3 pictures
shown for 6 s each). In total, 16 blocks of pictures (8 negative affective
and 8 neutral blocks) were presented resulting in a total task duration
of about 7 min.
2.3. Image acquisition
Data were collected on a Philips Ingenia 3.0 T whole body system
equipped with a 12-element receive-only head matrix coil. Foam pads
were used to position and immobilize the subject's headwithin the coil.
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High-resolution anatomical T1-weighted scans were obtained
using a magnetization-prepared rapid acquisition gradient
echo (MPRAGE) sequence with the following scanning parameters:
repetition time (TR) = 9 ms, echo time (TE) = 4 ms, inversion
time = 1000 ms, ﬂip angle = 8°, ﬁeld of view (FOV) =
240 × 240 × 170 mm, matrix size = 240 × 240, number of slices =
170, acceleration factor (SENSE) = 2 with an isotropic resolution of
1 × 1 × 1 mm3.
2.3.2. Functional imaging
T2⁎weighted images were obtained using echo-planar imaging (EPI)
with the following parameters: TR = 2.0 ms, TE = 30 ms, ﬂip angle =
90°, FOV = 192 × 192 × 122 mm, matrix size = 64 × 64. We acquired
37 transverse slices with 3.0 mm thickness, covering the entire brain
with a resolution of 3 × 3 × 3mm. A series of 224whole-brain volumes
were recorded, with the ﬁrst three images of each series being
discarded.
2.3.3. Diffusion Tensor Imaging
Diffusion tensor images were acquired using an EPI sequence with
the following parameters: TR = 9000 ms, TE = 57 ms, ﬂip angle =
90°, FOV = 224 × 224 × 120 mm, in-plane resolution = 2 mm2, slice
thickness = 2 mm, number of slices = 60, matrix size = 112 × 112,
SENSE = 2. Diffusion-sensitizing gradient encoding was applied in 32
directions with a diffusion-weighted factor of b = 1000 s/mm2 and
two b0 (b = 0) images. Images were acquired parallel to the anterior-
posterior commissure.
2.4. Data analysis
The single analysis stepswere based on each other, meaning that the
functional data analysis was based on the task activation maps, and the
structural data analysis was based on the results from the functional
data analysis.
2.4.1. Functional data
Preprocessing and statistical analysis of the fMRI data was per-
formed using SPM8 (http://www.ﬁl.ion.ucl.ac.uk/spm) data were
corrected for differences in time of acquisition by sinc interpolation,
realigned to themean image of the session and linearly andnon-linearly
normalized to the Montreal Neurological Institute (MNI, Montreal,
Canada) reference brain (MNI 152). Data were spatially smoothed
with a Gaussian kernel (8 mm, full-width at half-maximum) and
high-pass ﬁltered with a 128 s cut-off. All data were inspected for
movement artifacts. Three healthy controls and one patient with
movement parameters exceeding 3 mm translation on the x-, y-, or
z-axis or 3° rotation were excluded, resulting in a ﬁnal study sample
of 79 participants. In addition, individual movement parameters
entered analyses as covariates of no interest.
On the ﬁrst level, brain activationswere then analyzed voxel-wise to
calculate statistical parametricmaps of t-statistics for the negative affec-
tive compared to neutral pictures condition.
Blood oxygenation level dependent (BOLD) signal changes for the
different conditionsweremodeled as a covariate of variable length box-
car functions and convolved with a canonical hemodynamic response
function (HRF). These HRFs were then used as individual regressors
within the general linear model (GLM).
To investigate taskFC of the amygdala functional imaging data were
then analyzed using the generalized form of context-dependent psy-
chophysiological interaction (gPPI) (McLaren et al., 2012) analysis im-
plemented as gPPIv13 toolbox in SPM8.
2.4.1.1. Task dependent functional connectivity.Weused the gPPI analysis
to investigate potential alterations in taskFC between each of the two
seed ROIs – left and right amygdala – and the rest of the brain. Amygdalaseed ROIswere identiﬁed based on the peak activation from the second-
level analysis (i.e., negative affective vs. neutral images, one-sample t-
test with a familywise error correction (FWE) p b 0.0001 at a voxel
level). In patients seed ROIs were left amygdala with activation maxi-
mum: x =−22, y =−4, z = −18, ROI size = 275 voxels and right
amygdala with activation maximum: x = 26, y =−6, z =−16, ROI
size = 146 voxels. In healthy controls seed ROIs were left amygdala
with activation maximum: x = −20, y = −4, z = −22, ROI size =
110 voxels and right amygdala with activation maximum: x = 26,
y =−2, z =−20, ROI size = 83 voxels. In order to get the common
amygdala activation seed (i.e., those amygdala voxels which were acti-
vated in both groups) we overlapped the amygdala clusters from both
groups using the SPM toolbox MarsBaR 0.21 (Brett et al., 2002) and
used the intersection (left amygdala: x = −23.1, y = −5.2,
z = −18.8, ROI size = 102 voxels; right amygdala: x = 24.3,
y=−3.6, z=−18.4, ROI size= 67 voxels) as seed ROIs for both pa-
tients and controls for further gPPI analyses (see Fig. 1, left section in
Appendix A).
Next, we extracted the individual time series from the common
amygdala ROI clusters (left and right) for each participant. These time
series constituted the physiological component of the gPPI, which is
based on bilinear interaction terms. The contrast between the two con-
ditions of the fMRI-task “negative affective vs. neutral pictures” consti-
tuted the psychological component. The interaction between the two
previously deﬁned componentswas used as a gPPI regressor in the anal-
ysis. Thus, a signiﬁcant activation of a certain area reﬂects increased
taskFC with the seed ROI (i.e., left/right amygdala) during “negative af-
fective vs. neutral pictures”.
To illustrate the regions functionally connected with the amygdala
ROIs in each group we computed a one-sample t-test. To compare con-
nectivity between the groups we used a two-sample t-test with a false
discovery rate correction (FDR) p b 0.05 at a voxel level. The expected
number of voxels per cluster was used as an extent threshold.
2.4.2. Structural data
Diffusion tensor imaging (DTI) data analysis was performed using
FSL (FMRIB Software Library, FMRIB, Oxford, UK) software package,
more speciﬁcally the FMRIB's Diffusion Toolbox – FDT v2.0 toolbox
from FSL (Behrens et al., 2007). First, data were corrected for the effects
of head movement and eddy currents. After creating a brain mask the
diffusion tensor model ﬁt was performed to create individual fractional
anisotropy (FA) and mean diffusivity (MD). We used FA and MD maps
in the further analysis of probabilistic ﬁber tracking (probFT). DTI data
were further analyzed using probFT, a method which allows to delin-
eate white matter ﬁber tracts (WM tracts) in the brain between
predeﬁned ROIs, while counting in the expected uncertainty into the
tracking algorithm, and to produce a connectivity distribution value
for each voxel (Behrens et al., 2007).
2.4.2.1. Structural connectivity. After identifying the regions showing an
altered taskFC with the amygdala in OCD we then proceeded with ex-
ploring potential alterations in SC between those regions showing an al-
tered FC in patients. To this aim we performed a probFT analysis. This
analysis requires a seed region, i.e., the left amygdala, which showed a
signiﬁcantly altered taskFC with a left parieto-occipital region in OCD
(see results section). This latter region constituted the target ROI (i.e.,
largest cluster in the left hemisphere, see results section) for the probFT
analysis. Moreover, for the probFT analysis prior knowledge about WM
tract anatomy should be taken into account. According to Catani and de
Schotten (2012) a potential WM tract connecting the amygdala with
these occipital regions could be the inferior longitudinal fasciculus
(ILF). As there were no signiﬁcant group differences in taskFC for the
right amygdala (see results section), SC analyses were restricted to the
left amygdala.
We analyzed two characteristics for SC, the number of WM tracts
connecting the amygdala ROI with the target region, and the average
249O.G. Rus et al. / NeuroImage: Clinical 13 (2017) 246–255connectivity distribution values of the WM tracts connecting the seed
and the target region.
Next, we ran the preparatory steps for probFT using the FDT inte-
grated function of Bayesian estimation of diffusion parameters obtained
using sampling techniques (bedpostX). This step estimates the individ-
ual diffusion parameters at each voxel and automatically takes into ac-
count the number of crossing ﬁbers per voxel. We used the default
parameters implemented in FDT: 2 ﬁbers per voxel, weight 1, burning
period 1000. Subsequently, we used the previously computed diffusion
parameters to run the tractography analysis using the FDT integrated
function probtrackx2. As a seed mask we applied the amygdala ROI
from the previous gPPI analysis and as a target region the parieto-occip-
ital cluster, using the option “waypointmask” implemented in
probtrackx2. Both masks were previously converted to the individual
diffusion space. This analysis step generates connectivity distributions
from the speciﬁed seed voxels.
For the tracking algorithm we used the default parameters: 5000
samples per voxel, path length of 2000 × 0.5 mm steps, curvature
threshold of 80° and loop checking criteria enabled.
The result is a single image per participant (fdt_paths) visualizing
the WM tracts connecting seed and target region, where each voxel
value represents the connectivity distribution value between that
voxel and the seed voxel (i.e., from the amygdala seed region). Another
individual output is the total number of generated WM tracts
(waytotal) between the amygdala and the target region. To extract the
average SC distribution value, i.e., the connectivity distribution values
of the obtained WM tracts, we normalized the output image from the
probFT step, by dividing the individualWM tracts image by the individ-
ual number of generated WM tracts (Arnold et al., 2012; Zhang et al.,
2010). The normalization is necessary because of the high intersubject
variability in terms of individual number of generated WM tracts,
which was also due to the fact that probFT analysis is usually processed
in the individual diffusion space of each participant.
2.4.2.2. Structural integrity. In order to additionally assess the structural
integrity of theWM tracts connecting the seed region (i.e., left amygda-
la)with the target region (i.e., parieto-occipital cluster)we extracted FA
and MD of these ﬁber tracts for both patients and controls. To this end,
we multiplied the binarized individual WM tract images from the
probFT analysis with the individual FA and MD images from the DTI
data analysis. From the WM tracts of the resulting image we extracted
the individual average FA and MD.
2.4.3. Statistical analysis
Statistical analyses were conducted using SPSS Inc. (2002) (SPSS
11.5.1., Chicago) and MATLAB and the Statistics Toolbox (Release
2013a, The MathWorks, Inc., Natick, Massachusetts, United States).
To explore potential group differences in SC (i.e., number of WM
tracts, average connectivity distribution values ofWM tracts) and integ-
rity (i.e., FA and MD) two-sided Bonferroni corrected parametric tests
were used.
Pearson's correlation analyses were conducted to investigate poten-
tial associations between taskFC (i.e., betas of gPPI connectivity map re-
sults) and SC measures as well as between taskFC and structural
integrity measures in each group. Finally, all functional and structural
measures were correlated with symptom severity (i.e., Y-BOCS total
scores).
A two-sided parametric testwas performed to analyze the difference
in disgust sensitivity score between the groups. To investigate whether
disgust sensitivity was associatedwith the taskFCwe performed a Pear-
son correlation.
To control for the possible effect of comorbidity on the present re-
sults we also investigated a potential correlation between the above
mentioned functional and structural connectivity measures and the de-
pression score (BDI total score).To explore if medication affected taskFC or SC differences between
patients and controls, we furthermore performed an ANCOVA with
taskFC or SC parameters as dependent variables, medication status as
independent variable, and age and gender as covariates.
3. Results
3.1. Task dependent activation
OCD patients showed an increased activation during the taskmainly
in middle occipital gyrus, amygdala, precentral and inferior frontal re-
gions. The control group showed a signiﬁcantly increased activation
during the task in similar brain areas, i.e., mainly in inferior occipital, in-
ferior frontal and amygdala (formore details see Tables 4, 5 and Fig. 2 in
Supplement). No signiﬁcant group difference in activation during the
task could be found.
3.2. Task dependent functional connectivity
OCDpatients had a signiﬁcantly increased taskFC of the left amygda-
la to a network comprising bilateral occipital, parietal and temporal
areas (Table 2, Fig. 1, middle section in Appendix A), as well as a signif-
icantly increased taskFC of the right amygdala and a network compris-
ingmainly occipital areas (Table 2, Fig. 1,middle section in Appendix A).
No signiﬁcant amygdala taskFC could be found in the control group.
The between group gPPI analysis yielded a signiﬁcantly increased
taskFC in OCD patients between the left amygdala and mostly left-
lateralized occipital, parietal, temporal and frontal areas, as well as
right parietal, occipital, thalamus areas and bilateral cerebellar areas
(Table 3, Fig. 1, middle section in Appendix A). The right amygdala
showed no signiﬁcant differences in taskFC between the groups.
3.3. Structural connectivity
There was no signiﬁcant group difference in number of WM tracts
(mean patients: 2386.64, SD = 4810.43, mean controls: 4249.08,
SD = 9360.36, t = 1.13, p = 0.26) connecting the left amygdala with
the left parieto-occipital cluster. There was also no signiﬁcant group dif-
ference in connectivity distribution values of the WM tracts (mean pa-
tients: 0.02, SD = 0.02, mean controls: 0.03, SD = 0.04, t = −1.41,
p = 0.16).
3.4. Structural integrity
There were no signiﬁcant between group differences in FA or MD
(FA patients: 0.3418, SD = 0.0235, FA controls: 0.3427, SD = 0.0241,
t = 0.15, p = 0.88; MD patients: 9.0260 ∗ 10−4, SD = 4.4107 ∗ 10−5,
MD controls: 9.0208 ∗ 10−4, SD= 4.2405 ∗ 10−5, t =−0.05, p= 0.96).
3.5. Associations of brain function, structure and symptom severity
3.5.1. Functional and structural connectivity
In OCD patients, a signiﬁcant positive correlation between taskFC
and connectivity distribution values of the WM tracts was found (r =
0.32, p = 0.04). No signiﬁcant association between taskFC and SC
could be found in controls. Therewasno signiﬁcant association between
taskFC and the number of white matter ﬁber tracts in none of the
groups.
3.5.2. Functional connectivity and structural integrity
There was no signiﬁcant correlation between taskFC and structural
integrity measures neither in patients nor in controls (patients: gPPI
betas and FA r = 0.15, p = 0.35, gPPI betas and MD r =−0.23, p =
0.15; controls: gPPI betas and FA r =−0.24, p = 0.15, gPPI betas and
MD r = 0.09, p = 0.60).
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There was a signiﬁcant negative association between symptom se-
verity (Y-BOCS total) and structural integrity (FA) in OCD patients
(r =−0.33, p = 0.04). There was no signiﬁcant association between
the symptom severity score (Y-BOCS total) and taskFC or SC, the same
applied to the correlation between depression score (BDI total) and
taskFC or SC in OCD patients.
3.6. Effect of medication
We found that medication status of the patients affected the taskFC
group difference (F = 14.07, p b 0.01), i.e., medicated patients showed
a signiﬁcantly higher taskFC in the parieto-occipital cluster than con-
trols (post hoc t-test: medicated patients (N = 27): mean = 0.38,
SD = 0.35, controls (N = 37): mean = −0.08, SD = 0.37, t = 4.95,
p b 0.01), as well as compared to unmedicated patients (unmedicated
patients (N = 15): mean = 0.11, SD = 0.18, t =−2.75, p = 0.01).
3.7. Disgust sensitivity
Patients had a signiﬁcantly increased disgust sensitivity score com-
pared to controls (patients (N= 42): mean= 2.43, SD= 0.55, controls
(N=37):mean=2.01, SD=0.61, t= 3.22, p=0.002). No association
between disgust sensitivity and taskFC could be found in OCD patients.
4. Discussion
The aim of the present study was to investigate if amygdala shows
taskFC disturbances in patients with OCD during attendance to negative
affective stimuli and to evaluate if these functional disturbances are
linked to alterations in structural properties (connectivity and integrity)
of underlying WM tracts. As a main ﬁnding, our study demonstrated
that OCD patients showed a signiﬁcantly increased left-lateralized
taskFC from the left amygdala to the parieto-occipital cortex and that
this increased functional connectivity was positively associated with
the structural connectivity (SC distribution values) of the underlying
WM tracts. In addition, the structural integrity of these WM tracts was
negatively correlated with symptom severity (i.e., an increase in symp-
tom severity was associated with a decrease in structural integrity of
WM tracts FA).
4.1. Task dependent functional connectivity
More speciﬁcally, the signiﬁcantly increased left amygdala taskFC to
the parieto-occipital cortex during exposure to negative affective stim-
uli suggests a stronger interplay in patients between a core limbic area
(i.e., the amygdala), which is predominantly responsible for emotional
processing, and a network known to be responsiblemainly for attention
and visual processing (Goncalves et al., 2010).
Previous studies in healthy subjects showed that the presentation of
emotional content goes along not only with increased activation in
“classical” emotion related regions such as the amygdala and inferior-
temporal areas but also with an increased activation in extra-striate
and ventral stream visual areas (Wendt et al., 2011). Our study results
reveal that in OCD the functional coupling between these regions
seems to be altered when attending to stimuli with a negative valence.
As OCD patients reported also a signiﬁcantly increased disgust sensitiv-
ity a more sensible and affective perception of these mainly contamina-
tion related stimuli may be one mechanism underlying this increased
functional coupling between emotional and visual processing areas.
Thus, we speculate that in OCD both the affective perception as well
as the visual processing of these speciﬁc stimuli might be altered.
Furthermore, regarding the psychopathological importance of these
areas found to be hyperconnected in OCD, a review by Menzies et al.
(2008) pointed out the need to consider the relevance of these posterior
brain regions in the pathogenesis of the disorder. Study results ofOlatunji et al. (2013) support this. by showing that visual areas might
play a central role in themechanisms of emotional processing, especial-
ly during symptom provocation, in OCD.
The ﬁnding that patients showed a rather normal neural activation
similar to healthy subjects during task along with an altered functional
coupling could indicate that although the processing of anxiety partly
taking place in the amygdala might not be disturbed, the “communica-
tion”with visual areasmight bemore intense in patients, possibly going
along with higher stimulus attendance and a more intensive sensation
of negative stimulus valence.
Accordingly, previous studies likewise showed alterations in visual
attention in OCD, such as problemswith disengaging attention from sa-
lient stimuli (Cisler and Olatunji, 2010) or processing abnormalities
when OCD-relevant material had to be visualized (Moritz et al., 2009).
Overall, these ﬁndings together with our results speak in favor of the
idea that OCD patients may have a certain attentional bias, more specif-
ically in the processing and attribution of emotional valence, towards
disorder relevant stimuli.
Moreover, present ﬁndings of a subcortical-cortical hyperconnectivity
conﬁrm results of a review by Diniz et al. (2012) who concluded that
besides neural disruptions comparable to those in other anxiety disorders,
OCD patients seem to be affected by additional alterations within the
amygdalo-cortical circuitry, which plays a major role in processes of
fear conditioning and extinction. Our results complement this by show-
ing that dysfunctions within these networks are visible already during
the perception and processing of negative, fear-provoking stimuli.
Future studies should investigate this aspect in more detail.
Regarding the role of the amygdala it has been shown that the
amygdala is more strongly involved in the processing of immediate
fear while other areas such as the insula are more relevant for the
processing of potential threats (Fiddick, 2011). Considering that exactly
these anxiety-associated regions showed altered functional connectivity
while patients were perceiving pictures with negative affective content
emphasizes the necessity to more strongly focus on exploring neural
activity in OCD during exposition to feared objects or situations.
Several attempts have beenmade to identify symptom speciﬁc neu-
ral patterns inOCD (Mataix-Cols and vandenHeuvel, 2006;Mataix-Cols
et al., 2004; van denHeuvel et al., 2009). It is therefore a valid question if
the present results represent a general or symptom speciﬁc pattern of
OCD psychopathology.
Interestingly, a recent study by Simon et al. (2014) showed that
amygdala hyperactivation during symptom provocation was present
across different OCD symptom dimensions and suggested that it might
constitute a common correlate which links OCD to other anxiety disor-
ders. Our ﬁndings complement and support this assumption by giving
insights into the functional coupling of this same region and by showing
that, although a multi-symptomatic group was exposed to negative af-
fective (mainly contamination related) stimuli, alterations in amygdala
function were still present. Thus, present ﬁndings indicate that limbic
areas might be involved in a more general rather than a symptom
speciﬁc neural mechanism of the disorder.
4.2. Left lateralized connectivity
It is noteworthy that only left amygdala showed a between group
taskFC connectivity difference. This ﬁnding is in accordance with other
studies reporting an asymmetry in OCD patients, both structurally
(Cannistraro et al., 2007) as well as functionally (Simon et al., 2014). In-
terestingly, this lateralization was also often reported in animal models
of OCD (Ahmari et al., 2013) or in transcranial magnetic stimulation
(TMS) studies with treatment resistant OCD patients (Mondino et al.,
2015), where a left-lateralized stimulation seemed to be more effective
than stimulation of the right side.
According to Phelps et al. (2001) there is a left-hemispheric amygda-
la engagementwhen the emotional property of a stimulus is cognitively
learned, while there tends to be right-sided amygdala response when
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case of generally aversive, threatening stimuli). Moreover, the authors
speculate that the difference in laterality of amygdala activation may
be dependent on themodality in which the stimulus is represented (vi-
sual, verbal, obvious etc.) and its elaboration and interpretation by the
subject. In our study, all subjects received the samenegative affective vi-
sual stimuli with a mostly contamination related content, but with no
direct threat component, with the instruction to carefully attend to
these stimuli. As a consequence, an increased coupling between left
amygdala and visual areas could be observed. Moreover, the OCD symp-
tomatic model shows that OCD symptoms are mostly based on learned
negative attribution to speciﬁc stimuli, which evoke anxiety and then
lead to obsessions and repetitive behaviors (compulsions) to reduce
anxiety.
Against this background and in light of Phelps et al. (2001) conclu-
sions there is reason to speculate that this increased left amygdala con-
nectivity in OCD might reﬂect the fact that patients generally attribute
higher emotional valence to these stimuli than controls. In other
terms, stimuli might be emotionally overvalued and interpreted in rela-
tion to personal obsessions or compulsions.
4.3. Structural connectivity
Interestingly, despite the signiﬁcantly increased taskFC in patients
compared to controls the structural connectivity and integritymeasures
per se did not show any signiﬁcant difference between the groups.
In contrast to this ﬁnding, previous OCD studies do report structural
alterations in main WM tracts (Koch et al., 2014). One potential reason
for this inconsistency is that – instead of investigating whole brain SC –
we restricted our analysis to a speciﬁc WM tract of the functionally
coupled areas, following a results driven approach. The WM tracts we
found in the present study represent most probably major parts of the
inferior longitudinal fasciculus (ILF) (Catani and de Schotten, 2012). Al-
terations in these speciﬁc ﬁber bundles have been reported in adoles-
cent OCD patients (Jayarajan et al., 2012; Zarei et al., 2011) as well as
in OCD adults (Garibotto et al., 2010). Although results regarding the di-
rection of disruption (increased vs. decreased) or characteristics of the
WM tracts (FA, axial, radial diffusivity or directionality of tracts) were
heterogeneous, they overall point to the potential relevance of the ILF
for the disorder. A review of Piras et al. (2013) showed that alterations
in intra-hemispheric bundles linked to posterior parietal and occipital
association cortices are also consistently reported in the OCD literature.
Our ﬁndings support these results.
4.4. Association between function, structure and symptoms
According to Jones et al. (2013) the measures obtained from
tractography, indicating connectivity distribution or connectivity ex-
tent, can be considered as good estimates for the variations in the ana-
tomical connections and as a good direct estimate of connection
strength at the macroscopic level of an anatomical structure. Our
study results revealed that exactly this structural connectivity charac-
teristic of theWM tracts, i.e., strength or extent of WM tracts, was asso-
ciatedwith an increase in functional connectivity of the connected areas
only in the OCD group.
Thisﬁnding suggests that an increased extent ofWMtractsmay con-
stitute the basis of an increased functional connectivity in patients.
Thus, stronger structural connectivity (in terms of higher connectivity
distribution values of the ILF) might reﬂect an increased efﬁciency in
transmitting information which, in turn, is reﬂected by a stronger func-
tional connectivity between the respective regions connected by the ILF
(i.e., amygdala and parieto-occipital areas) in patients. Although it is a
matter of debate which neurophysiological characteristics (e.g., varying
degree of myelination, axonal branching, ﬁber complexity, diameter)
are mainly mirrored by connectivity distribution, microstructural char-
acteristics have been shown to change with experience (Zatorre et al.,2012). Myelinogenesis, caused by neural activity in ﬁber tracts during
intensive processing or training, is one possible mechanism underlying
increased structural connectivity. Mice studies have demonstrated that
increasing neuronal electrical activity by the use of speciﬁc neurotoxins
known to increase the ﬁring of neurons caused increased myelination
(Demerens et al., 1996). Transferred to the present ﬁndings, it can be
speculated that the more intensive visual perception, as discussed
above, may be the mechanism underlying increased structural and
functional connectivity in patients in respective regions and their
connecting white matter ﬁber tracts.
Finally, our results reveal that a speciﬁc characteristic of this
group, i.e. symptom severity, goes along with a decrease in WM
tract integrity (FA), which is considered a stable indicator of altered
myelination.
Although present correlation results need to be interpreted with
caution as they were not corrected for multiple comparisons, they still
give reason to assume that the functional connectivity disruptions
may underlie alterations in structural connectivity, indicating that
structural disruptions may be the basis of broader network functional
disruptions. The negative association of structural integrity and symp-
tom severity underlines the psychopathological relevance of these
structural changes for the disorder and conﬁrms previous studies
which also showed that structural impairments can go along with
symptom severity increase despite the directionality of this association
being inconsistent.
Moreover, one should keep in mind that our analysis was restricted
to speciﬁc regions and that further research on this association is need-
ed to ﬁnd out whether the association of functional and structural char-
acteristics is detectable in other OCD relevant networks also.
There are several limitations that need to be taken into account
when interpreting the present ﬁndings. First, we used only the OCI-R
to assess the symptom spectrum of each participant which has the dis-
advantage that patients can score high on several subscales. Hence,
using the Y-BOCS dimensional symptom checklist would have been
more appropriate in order to identify the most prevalent symptom di-
mensions in this patient sample. As another limitation it should be
noted that no quantitative data on the level of arousal and unpleasant-
ness experienced during observation of the negative pictures are avail-
able as debrieﬁng was done only in the form of an unstructured
interview after the scanning. Future similar tasks should assess the
level of experienced arousal and unpleasantness as an additional pa-
rameter to support and facilitate interpretation of observed neural
activity.
Finally, although our sample had the primary diagnosis OCD, it
should not go unmentioned that patients were not comorbidity- and
medication-free, whichmay have inﬂuenced our results to some extent.
As our results showed, medicated patients had higher taskFC values
than unmedicated patients and controls. Hence, we cannot exclude
the fact that our increased taskFC results could have been inﬂuenced
by medication to some extent. Further studies with an age and gender
matched sample of medicated and unmedicated or medication naive
patients are needed to clarify this effect.5. Conclusion
To the best of our knowledge, this is the ﬁrst study to explore the re-
lationship between amygdala task dependent functional and structural
connectivity in OCD. The main contribution of our study is the compre-
hensive assessment of functional and structural connectivity of the
amygdala, a region previously discussed as OCD relevant, and the direct
association between these measures. Our study demonstrated that be-
sides the well-known CSTC circuit, limbic brain regions, responsible
for emotional processing, and their parieto-occipital connections, need
to be taken into account to increase our understanding of the neuronal
mechanisms underlying the OCD psychopathology.
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Demographic and clinical data of participants.OCD (N = 42) Controls (N = 37) Group differenceharacteristic Mean (SD) Mean (SD) p-value
ex, male:female 15:27 15:22 n.s. (p = 0.48)S
Age,
Years32.50 (9.95) 30.99 (7.56) n.s. (p = 0.45)edication, yes/no 27/15 NAM
Medication type
Patients with more than one drug:17 SSRI
3 SNRI
4 TrA
1 Benzo
2 no info
3 Antipsy
1 NDRIComorbidities
Present/not present24/18 NAomorbidity type 14 depression
3 anxiety disorders
5 depression & anxiety disorder
1 personality disorder
1 impulse control disorder-not otherwise speciﬁed
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POCD (N = 42) Controls (N = 37) Group differenceears since onset 16.23 (10.64) NAY
YBOCS total
− obsessions
− compulsions0.71 (5.58)
10.90 (3.24)
9.76 (3.77)NAOCI-R total
− Hoarding
− Checking
− Ordering
− Neutralizing
− Washing
− Obsessing4.07 (10.09)
2.48 (2.90)
5.52 (3.51)
3.33 (3.75)
2.17 (4.19)
4.31 (3.65)
6.62 (3.26)NADI 17.60 (11.53)
E 2.43 (0.55) 2.01 (0.61) s. (p = 0.002)FE*Y-BOCS = Yale-Brown Obsessive Compulsive Scale.
*OCI-R = Obsessive-Compulsive Inventory – Revised;
*BDI = Beck Depression Inventory.
*FEE = disgust sensitivity questionnaire.
*n.s. = not signiﬁcant.
*NA = not applicable.
*M (SD) = mean (standard deviation).
*SSRI = selective serotonin reuptake inhibitor; SNRI = serotonin-norepinephrine reup-
take inhibitor; TrA = tricyclic antidepressant; Benzo = benzodiazepine; Antipsy = Anti-
psychotic; NDRI = Norepinephrine-dopamine reuptake inhibitor.Table 2
MNI coordinates of activationmaxima for taskFC (negative affective vs. neutral pictures) in patients with the left amygdala as seed region and the right amygdala as seed region (one sam-
ple t-test at p b 0.05, FDR corrected at voxel level). The expected voxels per cluster (k = 12 for left, k = 16 for right) were than taken as a spatial extent threshold.Brain regions side k p FDR T x, y, zft amygdala connectivity
siform gyrus, middle temporal gyrus, middle occipital gyrus, precuneus, cuneus L 3694 0.001 6.68 −38−60 18
iddle occipital gyrus, fusiform gyrus, cuneus, precuneus R 3502 0.001 6.44 40−80 14
perior parietal lobule, precuneus L 415 0.001 4.87 −30−56 54
arahippocampal gyrus L 38 0.004 4.11 −16−4−14
ferior parietal gyrus L 61 0.008 3.78 −38−36 40ight amygdala connectivity
mporal lobe, fusiform gyrus, inferior temporal gyrus, lingual gyrus L 1779 0.005 5.96 −40−56−18
ccipital lobe, inferior occipital gyrus, fusiform gyrus, inferior occipital gyrus, middle occipital gyrus R 1037 0.005 5.61 40−62−12O*L/R = left/right side; k = number of voxels in cluster; p = FDR correction at voxel level; T = t value; x, y, z = MNI coordinates in mm.Table 3
MNI coordinates of activation maxima for increased taskFC (negative affective vs. neutral pictures) in patients compared to controls with the left amygdala as seed region (two sample t-
test at p b 0.05, FDR correction at voxel level). Expected voxels per cluster (k = 12) were than taken as a spatial extent threshold.Brain regions Side k p FDR T x, y, zferior parietal lobule, superior parietal lobule, precuneus L 303 0.026 5.07 −36−50 56
iddle occipital gyrus, middle temporal gyrus R 623 0.026 4.79 34−78 16
osterior lobe, Cerebellum R 92 0.026 4.48 16−76 44
iddle occipital gyrus, superior parietal lobule, precuneus L 554 0.026 4.44 −46−76 14
ccipital lobe, fusiform gyrus L 127 0.026 4.40 −34−58 12
nterior lobe, Cerebellum R 42 0.027 4.18 24−54 28
arietal lobe, Inferior parietal lobule L 128 0.027 4.02 −38−36 36
nterior lobe, Cerebellum L 32 0.028 3.97 −18−52 26
osterior lobe, Cerebellum L 22 0.029 3.93 −14−62 38
mporal lobe, superior temporal gyrus L 14 0.030 3.88 −36 12 30
ontal lobe, middle frontal gyrus L 34 0.030 3.87 −30−2 42
arietal lobe, Superior parietal lobule R 110 0.031 3.83 28−70 48
arietal lobe, inferior parietal lobule L 36 0.031 3.81 −58−18 28
b lobar, thalamus R 14 0.035 3.68 2 -14 12Su*L/R= left/right side; k= number of voxels in the cluster; p= FDR correction at voxel level; T= t value; x, y, z=MNI coordinates inmm; bold= target parieto-occipital cluster used for
further analysis.
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